.Abstract Receptor and Androgen Receptor Signaling Pathways in Prostate Cancer. Annu Rev Biomed Sci 2009;11:T102-T113. Malignant cells are characterized by complex and often overlapping signaling pathways that modulate uncontrolled proliferation, leading to tumor growth and cancer progression. Prostate cancer is characterized by a dependence on androgens for growth initiation, and androgen deprivation is the standard treatment for advanced disease. Invariably, progression to castration-resistant prostate cancer (CRPC) occurs. Effective treatment options are currently limited to cytotoxic chemotherapy. In addition to androgen-mediated androgen receptor (AR) signaling in CRPC, multiple growth factor pathways are active, including the epidermal growth factor (EGF) receptor family of tyrosine kinases. Crosstalk between these two pathways has been studied in prostate cancer cell lines, xenograft tumor models, and in prostate cancer patients. This manuscript will focus on EGFR signaling, AR signaling, EGFR-AR crosstalk, and therapies targeted at these receptor-mediated regulatory pathways in CRPC.
Due to the central role of the EGFR family in normal physiology and the activation of multiple signaling pathways in parallel, overexpression of the receptors and ligands have been implicated in the formation of premalignant lesions, including those found in the oral cavity, lungs, cervix, and prostate (reviewed in Grandis & Sok, 2004) . EGF receptors are also commonly overexpressed in epithelial malignancies, including cancers of the head and neck, breast, lung, ovary, bladder and prostate. Due to the redundancy of the kinase signaling pathways activated by the EGF receptor family from the cell membrane, and the ability of EGF receptors to be translocated into the nucleus, these proteins are considered transcription factors, regulating key pathways within the cell. Crosstalk with nuclear receptor signaling modules has been described in multiple hormone-dependent tumor types, including prostate cancer.
Androgen Receptor (AR) Function
Circulating androgens regulate the development and maturation of the male reproductive organs, including the prostate. Since the discovery that androgen deprivation was effective for treating advanced prostate cancer, significant efforts have been made to characterize regulatory pathways that drive the development of this malignancy. Under normal physiological conditions, luteinizing hormone (LH) is produced by the pituitary gland in response to gonadotropin-releasing hormone released by the hypothalamus. LH stimulates testicular Leydig cells to produce testosterone (T), which circulates predominantly bound to sex-hormone binding globulin and albumin. Inside the prostate cell, T is converted to dihydrotestosterone (DHT) by 5α-reductase enzymes, and both steroids bind to the androgen receptor (AR), a ligand-dependent transcription factor that belongs to the nuclear hormone receptor super family. The AR is complexed with chaperone proteins (e.g., HSP90) in the cytoplasm and upon steroid binding, AR monomers bind in an anti-parallel manner to form mature AR homodimers that bind to hormone response elements on androgen-regulated genes as part of a transcription complex with coregulators.
Prostate cancer cells are initially dependent on androgens for growth and tumors regress upon androgen deprivation (surgical castration) or treatment with anti-androgens (chemical castration). Unfortunately, prostate tumors commonly recur after a period of remission and present as a CRPC, characterized by active AR signaling despite the absence of circulating testicular androgens. Multiple mechanisms for the reactivation of AR in CRPC have been proposed, including: amplification of the AR gene; functional mutations that broaden AR ligand specificity beyond T/DHT; increased expression of AR coactivators; changes in steroid metabolism in prostate cancer cells; and crosstalk with growth factor-regulated kinase signaling pathways.
Multiple studies have demonstrated AR gene amplification in approximately 30% of prostate cancer specimens that is associated with an increase in AR protein expression (Visakorpi et al., 1995; Bubendorf et al., 1999; Linja et al., 2001; Ford et al., 2003) . Higher AR expression has been shown to increase the sensitivity of prostate cancer cells to low levels of androgen and to maintain or increase expression of androgen-regulated genes (van der Kwast et al., 1991; Chodak et al., 1992; de Vere White et al., 1997; Gregory et al., 1998) . AR overexpression was also demonstrated to change the effect of bicalutamide (Casodex ® ) from an AR antagonist to an AR agonist .
Mutation of the AR coding sequence is another mechanism for increased AR responsiveness in CRPC. Several of the reported AR mutations allow steroids other than T and DHT to activate the receptor, while still maintaining responsiveness to the cognate ligands (Culig et al., 1993; Peterziel et al., 1995; Tan et al., 1997; Chang et al., 2001; Shi et al., 2002; Taplin, et al., 2003) . AR antagonists such as hydroxyflutamide may gain agonist activity with certain AR mutations. While the frequency of AR mutations in androgen-dependent prostate cancer is relatively low, it has been difficult to determine the frequency in CRPC, specifically in bone metastases. Nonetheless, AR mutations may play a role in the development of recurrent disease.
Binding of AR to androgen response elements in androgen regulated genes is characterized by the formation of a multi-unit transcription complex consisting of receptor together with nuclear receptor coactivators. The p160 coactivator family includes steroid receptor coactivator-1 (SRC1) (Onate et al., 1995) , transcriptional intermediary factor 2 (TIF2/SRC2) (Voegel et al., 1998) or the mouse homologue glucocorticoid receptor interacting protein (GRIP1) (Hong et al., 1997) , and the SRC3 coactivators TRAM1, AIB1, RAC3, ACTR, and p/CIP (McKenna et al., 1999) . Overexpression of these coactivators in transient transfection assays increases AR transactivation in response to physiological concentrations of T, DHT and adrenal androgens including androstenedione (ASD) and dihydroepiandrosterone (DHEA) (Tan et al., 2000; Heinlein & Chang, 2002) . TIF2 and SRC1 were shown to be expressed at higher levels in the nuclei of recurrent prostate cancer specimens compared to benign prostate . Similarly, elevated coactivator expression has been demonstrated in breast cancer (Murphy et al., 2000; Graham et al., 2000) , ovarian cancer (Anzick et al., 1997) , and polycystic ovarian syndrome (Gregory et al., 2002) .
CRPC develops in the setting of suppressed systemic androgens. Tumoral steroidogenesis has been proposed as a compensatory mechanism to maintain androgen levels sufficient to activate AR. Locally recurrent CRPC tumors were shown to contain T at levels similar to benign prostate tissue, with lower levels of DHT, DHEA, and ASD (Mohler et al., 2004) . T levels were shown to be significantly higher in metastases from surgically castrated prostate cancer patients compared to primary prostate cancers from untreated patients (Montgomery et al., 2008) . Additionally, this study demonstrated increased expression of genes for steroidogenic enzymes in CRPC metastases, possibly reflecting an elevated capacity for steroid production from precursors. Down-regulation of steroid 5α-reductase isozymes I and II, which are responsible for converting T to DHT, has been reported in CRPC compared to benign prostate or primary androgen dependent tumors (Titus et al., 2005; Xu et al., 2006; Montgomery et al., 2008) . Despite this reduction in steroid 5α-reductase, tumor levels of T and/or DHT are sufficient to activate the AR and drive growth of tumor cells .
Activation of growth factor-mediated kinase pathways in CRPC has been proposed as another mechanism for activation of AR signaling in CRPC. Insulin-like growth factor-1 (IGF-1), keratinocyte growth factor (KGF), and EGF have been reported to increase AR transactivation in the absence of androgen (Culig et al., 1996; reviewed in Feldman & Feldman, 2001) . Recently, interleukin-6 (IL-6) was demonstrated to induce growth of AR-positive prostate cancer cells and xenograft tumors (Malinowska et al., 2009) . Over-expression of HER2 in the LAPC-4 prostate cancer cell line was shown to cause androgen-independent growth and to activate the AR signaling pathway in the absence of androgen . Likewise, forced over-expression of HER2 in LNCaP cells activated MAPK and prostate-specific antigen (PSA) expression, mediated by AR and possible interaction with the AR coactivator ARA-55 (Yeh et al., 1999) . Multiple studies exploring the crosstalk between EGFR and AR have been published and will be detailed below.
Crosstalk between EGFR and AR
EGFR expression levels were compared in primary localized prostate cancer tumors and CRPC tumors using immunohistochemical technique and tissue microarrays (Shah et al., 2006) . Results demonstrated that EGFR was associated with hormone-refractory status, but likely due to the heterogeneous nature of CRPC, not all tumors showed increased EGFR expression. Another study demonstrated that EGFR was expressed in 69% of CRPC tumors compared to 23% of primary androgen dependent tumors (Hernes et al., 2004) . Controversy also exists regarding the elevated expression of HER2 in CRPC, with some studies demonstrating elevated HER2 expression and other studies finding no apparent differences in HER2 between androgen dependent and CRPC tumors (Signoretti et al., 2000; Osman et al., 2001; Calvo et al., 2003) . HER3 and its cognate ligand heregulin were reported to be overexpressed in primary androgen dependent prostate cancer compared to benign prostate tissue and there was an association with less favorable prognoses (Leung et al., 1997) . HER4 was shown to be over-expressed but heterogeneous (nuclear vs. cytoplasmic) in prostate cancer specimens, with no obvious correlation with disease outcome (Ben-Yosef et al., 2007) .
Crosstalk between EGFR and AR occurs at multiple levels (see Fig. 1 ). PC3 prostate cancer cells transfected with AR were used to explore the effects of EGF on invasion and adhesion of cultured cells (Bonaccorsi et al., 2004) . EGF-induced EGFR autophosphorylation, PI3-kinase activity, and EGFR internalization were reduced in AR-expressing PC3 cells and AR and EGFR were shown to co-immunoprecipitate, supporting a direct interaction of the receptors to modulate prostate cancer cell function. Stable expression of a constitutively active mitogen-activated protein kinase kinase kinase-1 (MEKK1) caused apoptosis in AR-positive LNCaP cells but not in AR-negative PC3 or DU145 cells, supporting a link between EGF-mediated MAP kinase signaling and AR (Abreu-Martin et al., 1999) . To further establish the link between MAP kinase pathways and AR signaling, a study was conducted using LNCaP cells that showed DHT treatment alone was insufficient to induce ERK1/2 phosphorylation and EGF alone did not induce AR activation, but when DHT and EGF were used together, there was a synergistic effect on AR activation (Mukherjee & Mayer, 2008) . The MEK inhibitor U0126 inhibited DHT-and DHT/EGF-mediated AR induction, linking ERK1/2 signaling to AR activation. In addition, DHT treatment of LNCaP cells resulted in down-regulation of EGFR protein, demonstrating the potential for sustained EGFR signaling in the setting of androgen deprivation. In contrast, DHT treatment of LNCaP cells was shown to stimulate EGFR gene expression and this was associated with recruitment of RNA polymerase II to the promoter (Pignon et al., 2009 ). These discrepant findings may suggest different modes of androgen regulation of EGFR at the transcriptional and post-translational levels. A recent study found that treatment of cultured prostate cancer cells (LNCaP, LAPC4 and C4-2) with EGF or heregulin-β1 caused a rapid decrease in expression of AR protein. Furthermore, AR mRNA levels were decreased in growth factor-treated LNCaP cells and in LNCaP cells adapted to growth in androgen-depleted medium, although the levels of AR protein were not affected, due to increased AR protein stability (Cai et al., 2009) . Figure 1 . EGFR and AR crosstalk in prostate cancer. Upon binding androgen (DHT), AR dissociates from chaperone proteins, forms an antiparallel homodimer and is imported into the nucleus where, together with steroid receptor coactivators (e.g., TIF2), binds to hormone response elements in genes as part of a transcription complex. EGF receptor family kinases (EGFR, HER2, HER3, and HER4) form homo-or heterodimers upon growth factor binding and activate downstream signaling pathways that can phosphorylate AR, AR coactivators, or other regulatory factors, resulting in growth promoting effects and tumor growth.
To demonstrate a definitive mechanistic link between EGF and AR, the expression of AR was inhibited with small interfering RNA (siRNA) in the CWR-R1 cell line, which decreased EGF-stimulated cell growth (Ponguta et al., 2008) . EGF treatment increased AR transcriptional activity that was dependent on phosphorylation of a MAPK consensus site (Ser-515) in the AR N-terminal region and a protein kinase C consensus site (Ser-578) in the AR DNA binding domain. Mutation of Ser-578 to alanine abolished EGF-mediated phosphorylation, eliminated the AR transcriptional response to EGF, and mediated nuclear retention of the receptor in concert with hyperphosphorylation of Ser-515. EGF regulation of AR can also occur through phosphorylation of nuclear receptor coactivators. An EGFinduced increase in TIF2/GRIP1 phosphorylation was shown to be mediated through the MAPK signaling pathway . EGF increased androgen-dependent AR transactivation in the CWR-R1 cell line in parallel with increased TIF2/GRIP1. EGF also increased expression of TIF2/GRIP1 in CWR22 xenograft tumors growing in the absence of circulating androgen. Inhibition of TIF2/GRIP1 expression with siRNA caused a decrease in AR transcriptional responses to DHT and EGF, providing a plausible direct link between EGF signaling, increased p160 coactivator levels, and AR activity in CRPC.
Crosstalk between HER2 and AR has also been reported in multiple studies, demonstrating the redundant nature of EGFR family signaling in CRPC. In the 22Rv1 cell line, derived from the CWR22R tumor xenograft, heregulin stimulation resulted in increased HER2 phosphorylation and cell proliferation that could be inhibited by treatment with the anti-HER2 antibody rhuMAb 2C4. This study also demonstrated that growth of CWR22R tumors could be inhibited by treatment of xenograft-bearing mice with the anti-HER2 antibody (Mendoza et al., 2002) . Another study found that treatment with rhuMAb 2C4 inhibited the growth of androgen-dependent CWR22 xenograft tumors but also caused increased secretion of PSA in an androgen-independent manner, supporting the possibility of crosstalk between the HER2 and AR signaling pathways (Agus et al., 1999) . Further characterization of the HER2 kinase signaling pathway in prostate cancer was performed by using the HER2 small molecule inhibitor PKI-166 (Mellinghoff et al., 2004) . This study demonstrated that kinase signaling induced by HER2/HER3 receptor dimerization stabilized AR protein and enhanced AR binding to PSA promoter/ enhancer DNA sequences. Stabilization of AR was proposed to be a result of HER2-induced protection of AR from ubiquitin-mediated degradation.
Treatment of the CWR-R1 recurrent prostate cancer cell line with heregulin activated HER2 and HER3 and increased androgen-dependent AR transactivation of reporter genes, although endogenous levels of AR protein were unchanged. Lapatinib ditosylate (Tykerb ® ), a dual tyrosine kinase inhibitor of EGFR and HER2, was a potent inhibitor of HER2 and HER3 tyrosine phosphorylation, AR transactivation, and CWR-R1 cell proliferation induced by heregulin, when compared to gefitinib (Iressa ® ), an EGFR-specific inhibitor, which was less effective . Similarly, in studies performed in LNCaP cells, inhibition of HER2 expression with either an intracellular singlechain antibody or lapatinib resulted in decreased androgen-stimulated cell growth and expression of endogenous PSA mRNA and protein . Lapatinib was a more effective inhibitor of AR recruitment to, and acetylation of, the PSA enhancer, as compared to gefitinib, and this is consistent with an important regulatory role for HER2 in the modulation of AR transcriptional activity. In a recent study, EGF or heregulin treatment of LNCaP, LAPC4, or C4-2 prostate cancer cells caused a decrease in AR expression that did not occur in the 22Rv1 cell line (Cai et al., 2009 ). Decreased AR protein was shown to be a result of increased degradation of AR mRNA as regulated by growth factor treatment. In androgen-deprived cells, AR mRNA was rapidly degraded but AR protein levels did not decline due to increased AR stability. Together, these findings support a role for HER2/HER3 regulation of AR function in CRPC, a transformed state in which EGF, heregulin, and other growth factors can activate kinase pathways that influence AR stability, DNA binding, and ultimately, growth promotion.
Therapeutic Challenges in Castration-resistant Prostate Cancer (CRPC)
The discovery and description of autocrine/paracrine growth factor signaling pathways in CRPC has generated a great deal of interest in the design and testing of new therapies. Preclinical studies in prostate cancer xenograft models demonstrated that gefitinib inhibition of EGFR signaling could inhibit tumor growth. Gefitinib was used at a maximum tolerated dose of 150 mg/kg in nude mice bearing androgen-dependent CWR22 tumors or androgen-independent CWR22LD1 or CWR22RV1 tumors. Growth of CWR22 was inhibited by 54% and growth of the androgen-independent variants was inhibited by 76%, over a 2 week treatment cycle (Sirotnak et al., 2002) . When combined with the antiandrogen bicalutamide, gefitinib was a more potent inhibitor of tumor growth in the CWR22LD1 model. Coadministration of gefitinib with carboplatin or paclitaxel increased the therapeutic inhibition of tumor growth and tumor-free mice were seen with the gefitinib/paclitaxel combination. A subsequent study was conducted to determine the role of gefitinib in the modulation of metastasis in the PC3 cell line and its highly metastatic PCb2 sub-line (Angelucci et al., 2006) . Subcutaneous xenograft growth of both cell lines was inhibited by 50%, whereas formation of bony metastases in nude mice was inhibited by 81% in the PCb2 cell line and 47% in PC3 cells. Gefitinib treatment also reduced the in vitro invasive ability of PCb2 cells in response to EGF or bone stromal cell conditioned medium, supporting a possible role for EGFR in CRPC metastasis.
Multiple clinical trials have been conducted to determine the safety and efficacy of gefitinib or erlotinib (Tarceva ® ) treatment of patients with CRPC (Canil et al., 2005; Curigliano et al., 2007; Gross et al., 2007; Small et al., 2007; Gravis et al., 2008; Nabhan et al., 2009) . In all trials, the drugs were generally well-tolerated at daily doses ranging from 150 mg to 500 mg. Over 200 patients were treated across the six studies but efficacy was disappointing, and in most cases there was no clinical response to treatment. One study reported five of 35 patients had stable PSA and 5 patients had a best response of stable disease (Canil et al., 2005) . A phase II trial of docetaxel and erlotinib as first-line therapy for metastatic CRPC patients showed minimal efficacy that was comparable to docetaxel alone (Gross et al., 2007) . In a phase II erlotinib alone trial of 29 chemotherapy-naïve CRPC patients, two patients achieved a partial response and five demonstrated stable disease (Nabhan et al., 2009) . Trastuzumab (Herceptin ® ) was administered to 18 CRPC patients as a single agent, but demonstrated minimal efficacy. Two patients experienced stable disease based on a PSA decrease to less than 50% of baseline levels, but no patient showed a regression of bone or soft tissue metastases (Ziada et al., 2004) . In a recent phase II study of 29 chemotherapy-naïve CRPC patients with rising PSA while receiving androgen deprivation therapy, the dual EGFR/HER2 inhibitor lapatinib was administered at 1500 mg/daily. One of 21 evaluable patients had >50% reduction in PSA and 2 patients achieved stable disease for >5 and >15 months (Whang et al., 2008) . Alone or in combination with standard chemotherapeutic agents, EGFR and EGFR/HER2 tyrosine kinase inhibitors have not shown the anticipated efficacy in CRPC that was predicted by preclinical studies.
Several reasons for the lack of effectiveness of these agents have been put forward. First, the possibility exists that kinase signaling is not completely suppressed at the dose levels that have been studied. Administering higher concentrations of the drugs may inhibit more EGF receptors but may also lead to more intolerable toxicities. Second, heterogeneity of CRPC tumors (inter-and intra-patient variability) presents a challenge to therapeutic improvements. Third, receptor-independent kinase signaling downstream likely negates the inhibitory effects of receptor-targeted agents. Fourth, redundancy of growth factor signaling pathways may allow CRPC tumor cells to evade inhibition of EGF receptor family signaling. Fifth, gefitinib and erlotinib are more effective inhibitors of mutant EGF receptors, as found in lung cancers (Pao et al., 2004) .
Given the limited effectiveness of agents targeting EGFR family receptor tyrosine kinases in CRPC, unique combination therapies should be explored to overcome these therapeutic limitations. A recent study demonstrated that the Hedgehog signaling pathway may be a viable target in CRPC (Shaw et al., 2008) . Patched is the receptor for Hedgehog ligands and inhibits the G-protein coupled receptor Smoothened in the absence of Hedgehog. Hedgehog binding to the Patched receptor leads to disinhibition of Smoothened, activating downstream transcription events. Apoptosis is induced in prostate cancer cells when Hedgehog is inhibited. Hedgehog and EGFR signaling pathways have been shown to be present in circulating tumors cells from CRPC patients. The Hedgehog-specific inhibitor cyclopamine inhibited growth of CRPC cells and synergistic inhibitory effects were noted when used together with gefitinib and lapatinib. Kinase signaling pathways downstream of EGF receptors that have been implicated in CRPC include the AKT/mammalian target of rapamycin (AKT/mTOR) and MAP kinase pathways. Treatment with rapamycin, an inhibitor of mTOR and PD0325901, an inhibitor of MAP kinase 1 (MEK), caused growth inhibition of cultured prostate cancer cells and prostate tumors in a transgenic mouse model (Kinkade et al., 2008) . Growth inhibition was coupled with up-regulation of an apoptotic regulator protein. The combinatorial targeted therapy approach has been employed in multiple clinical trials with temsirolimus and everolimus (mTOR inhibitors) alone or in combination with antiandrogens, gonadotropin analogues, or gefitinib but results from these studies have not been published to date.
Summary
Given the dismal clinical outlook for patients with metastatic CRPC, there exists a great need for improved therapies. While docetaxel remains the standard of care for CRPC patients, there is only a modest benefit. Our understanding of EGFR and AR signaling pathways has expanded in recent years and targeted drugs have been designed and tested in clinical trials. Unfortunately, significant therapeutic gains have not been realized to date, likely due to the redundant, parallel, growth-promoting pathways resident in malignant prostate cells. Ongoing drug development programs for patients with CRPC should focus on combinatorial regimens targeting multiple signaling pathways, including those for EGFR and AR.
